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ABSTRACT
One of important things in the production of vitally foods is bakery industry. The qual-
ity of baked goods can be achieved by improving the quality of dough kneading. In 
order to achieve this goal a new structure of the working body and methods of math-
ematical and computer modelling are offered, aimed to determine the working body 
design factors and visualize the process. Mathematical models of the dependency of 
dough viscosity from working body structural features and the frequency of its rota-
tion are made. The obtained models are used to determine rational values of controlled 
parameters. It has been found that for wheat dough mixing the use of equipment with 
pin working bodies is more preferable. One of them – the main one – is larger in di-
ameter, and two others – supporting ones – are smaller, able to ensure effective imple-
mentation of first and second stages of components mixing. The necessity of changing 
rotation direction of working bodies is substantiated. At the initial stage of mixing it is 
necessary to ensure larger diameter pin heating and at the stage of plasticization – vice 
versa – smaller diameter pins heating.

Keywords: working body, non-Newtonian fluid, mixing, kneading, interpolation 
model.

PROBLEM STATEMENT 

The analysis of existing equipment and tech-
nologies used by leading manufacturers of food 
industry shows that currently there is a tendency 
to create computer-controlled machines and inte-
grated technologies. As such, there is small vari-
ety between granulators and differences are typi-
cally limited to geometric constraints i.e. length, 
screw diameter and specific screw element geom-
etry [1]. However, it is worth emphasizing that 
working bodies of existing machines have con-
stant and unchanged geometric shape. The ad-
vantages of this method are, continuity and short 
process time and high productivity and product 
quality [2]. In such machines only the speed of 
the drive shaft can be regulated. It is obvious that 

such technical solutions give nothing fundamen-
tally new, but seriously complicate kinematics 
of the machine, its maintenance and manage-
ment. Though, natural limitations associated with 
a speed of physical-chemical, biochemical and 
other processes in non-Newtonian fluids area se-
rious obstacle to further development in this di-
rection. Many mixing processes already reached 
or come close to its limit parameters. Attempts 
made to accelerate these processes through the 
intensification of machines running by increasing 
the operating parameters can lead to a significant 
deterioration in the quality of finished products.

The brief analysis of the characteristics and 
state of modern equipment and methods of com-
ponents mixing shows that the problem of find-
ing of new directions in food engineering, which 
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partially or fully decide these problems are still 
extremely relevant. The mixing process is highly 
complicated with a number of affecting param-
eters, such as the particle properties, the structure 
and performance of the mixer, the mixing process 
parameters and the particle feeding order [3].

Through the experimental investigations [4, 
5], it is shown that the degree of mixing can be 
significantly increased by the optimization of the 
equipment. However, in these studies the mixing 
performance of the particles was only assessed 
qualitatively not quantitatively and the informa-
tion provided by the experimental study was very 
limited [3].

During mixing all phenomena can be consid-
ered in terms of physical-chemical properties that 
determine the speed of the process at the molecu-
lar level and in the local volume of the machine 
working chamber containing a sufficient number 
of dispersed environment inclusions. Therefore, 
the study of phenomena occurring in the machine 
working chamber or on its individual stages, is 
mainly determined by the structure of hydrody-
namic flows. In this case, the base of processes 
modeling consists of mathematical descriptions 
of flows structure using typical flow hydrody-
namic models [6, 7, 8, 9]. These models are: ideal 
mixing model, ideal displacement, single and two 
parametric diffusion models, local model. Diffu-
sion model describes flows with longitudinal and 
transverse particles (components) mixing, where 
the intensity is estimated by coefficients of longi-
tudinal and transverse mixing or by dimension-
less complex-number Re.

THE ANALYSIS OF RECENT RESEARCHES 
AND PUBLICATIONS

Currently enterprises mostly use machines 
with working bodies, designed as a spatial cylin-
drical or conical spiral with constant or variable 
winding pitch along the spiral. Such equipment, 
especially manufactured by leading European 
companies such as DIOSNA (Germany), KEM-
PER (Germany), Gostol (Slovenia), MEC (Italy), 
MASZ-GLIWICE (Poland) gives a very high 
quality environment. Vertical and horizontal spi-
ral mixing of semi-finished products plasticizes 
the components.

In order to increase the efficiency of compo-
nents mixing at an early stage (e.g. Non-Newto-
nian Fluid - dough kneading) and formed viscous 

fluid mixing was offered to change the shape of the 
spiral cross-section of the working body (Fig. 1) 
[10, 11, 12, 13]. The spiral cross-section is made 
in the shape of a profile with defined geometrical 
dimensions: ovoid; figure with sides made in the 
shape of cycloid; figure made in the shape of a tri-
angular equilibrium loop. It was offered to imple-
ment spatial spiral in the form of interconnected 
outer and inner spirals (Fig. 2).

To ensure mixing uniformity, improve quality, 
increase productivity new design of the working 
body was offered, on which along spiral length 
mixing blades of the same length, but different 
in diameter are placed (Fig. 3) [13]. This creates 
the effect of additional vertical mixing through 
the formation of a vortex on the surface of the 
medium, providing its quality formation and in-
creases productivity.

It should be noted that in working bodies de-
signing a new breakthrough was made. In order 
to provide greater contact with the environment, 
process time reduction and therefore productivity 
increase a design of a new machine with a cylin-
drical working body was developed (Fig. 4).

One of the problems that arise when design-
ing new equipment for mixing viscous masses, is 

Fig. 1. Spiral working body with various forms of 
cross-section: a – profile with defined geometrical 

dimensions; b – ovoid; c – figure with sides made in 
the form of cycloid; d – figure made in the shape of a 

triangular equilibrium loop

Fig. 2. Spiral working body, consisting of two con-
nected spirals
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the inability to predict the final result, to deter-
mine the quality of mixing with the existing „ex-
perimental technology“. The choice of the work-
ing body is made intuitively, then this choice is 
checked on the appropriateness by means of ex-
perimental studies. This, in turn, is effort, time 
and money consuming.

Failure to obtain information about the prog-
ress at any point in the working chamber, lack of 
theoretical data and practical experience signifi-
cantly slowed down the work on the development 
of more efficient equipment. Computer modeling 
helps to eliminate the following problems: en-
ables estimation of components distribution eq-
uitability, determination of energy parameters of 
the process on the basis of which it is possible to 
calculate specific work and determine the neces-
sary power of drive station.

It is known that the process of components 
mixing is significantly affected by the viscosity η 
and the current value index n in the motion equa-
tion describing the behavior of non-Newtonian 
pseudo-plastic fluid. Today still insufficiently in-
vestigated the change of rheological and hydro-
dynamic characteristics of dough during knead-
ing, as it is impossible to determine the velocity 
of shear strain simultaneously at each point in 
the working chamber. The parameter n, which 
characterizes the degree of non-Newtonian en-
vironment behavior, is important to understand 
and accurately describe processes occurring dur-
ing movement of non-Newtonian pseudo-plastic 
fluid (dough). Therefore, the mechanical effect 

on dough can occur in a wide range of deforma-
tion speeds. This inevitably affects its rheological 
properties, and sometimes even changing them 
on 1...2-order.

From theory [15] it is known that the best mix-
ing occurs at considerable turbulence flow. The 
viscosity of non-Newtonian fluids and flow index 
n depend on shear-strain rate [16, 17]. Therefore, 
it is essential to determine mutual dependence of 
the above mentioned parameters to obtain data on 
the occurrence of turbulence in the chamber dur-
ing dough ingredients mixing. Aims of the work 
is define the parameters of dough-making and 
conduct mathematical and statistical processing 
of results to justify the parameters of the working 
organ. Computer modeling of components mix-
ing workflow was conducted.

METHODOLOGY OF EXPERMENTAL PART

In order to obtain graphical dependency we 
will use known data [18], which are listed in 
Table 1. These data were processed with Curve-
Expert Professional 2.0.3 program, which allows 
simultaneously define both functional relation-
ships between values (Fig. 5-6), and the correla-
tion coefficient r (the best index of equation fit 
is achieved when r approaching 1. Sufficient for 
the equation perception adequacy index is in the 
range 0.8...1).

Fig. 3. Pin working body

Fig. 4. Cylindrical working body with notches

Fig. 5. The dependence of bread dough viscosity on 
the shear-strain rate

Table 1. The dependence of dough rheological param-
eters

γ ̇, s-1 τ, Pa η, Pа∙s

0.4 130 310

2.1 360 159

10.4 820 73.5

52.1 930 20

260.4 1800 7.3

1300 3800 3
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Figure 5 shows that the dependence of dough 
viscosity on the shear-strain rate is nonlinear:

(1)

As the dough is characterized by small val-
ues of the boundary shear stress τ0 and functional 
value of the latter is not taken into account, the 
obtained equation can be compared with the 
Herschel-Bulkley equation for which, in this case 
K = 206 at r = 0.996. To determine the current 
index n let us use the method offered by Metzner-
Reed[19]. This method is based on the use of 
Muni-Rabinovich correlation for viscous shear 
on the wall.

Let us build a graphical relationship between 
shear stress τ and the rate of deformation 𝛾 ̇ ac-
cording to the Table 1 (Fig. 6).

Functionally, this dependence is described by 
the equation: τ = 212∙y0,4,with r = 0.993. Next, it 
is essential to specify the current index, which 
can be found with the help of equation [19]:

(2)

The dependence is graphically shown in Fig-
ure 7. This dependence is numerically described 
by the formula: n = 0,539ẏ0,138, for which r = 
0.823. According to the research the equation that 
most accurately describes the behavior of dough 
during kneading (at the stage of plasticization) 
was defined in the range of shear strain 0,4...1300 
s-1 and viscosities 3...310 Pa∙s, and the equation 
Herschel-Balkli:

(3)
where:  k = η∙ẏn-1.

The obtained dependences allow to set the 
problem of dough kneading mathematical model-
ing reasonably on the stage of plasticization and 
eventually obtain adequate results.

Fig. 6. The dependence of shear stress from deforma-
tion rate

Fig. 7. The dependence of current index on strain rate

MATHEMATICAL AND STATISTICAL 
RESULTS PROCESSING OF WORKING 
BODY PARAMETERS DETERMINATION

The obtained results allow determining 
operating parameters in which the ratio of di-
ameter and its velocity are in a certain range 
that ensures the highest efficiency [18]. Let 
us consider pin working bodies with diameter 
20-30 mm at speeds of 250-300 rpm, that cor-
responds to a linear speed of 6.2-7.85 m/s (Fig-
ure 3). To determine the design parameters l1, 
l2 and rational mixing shaft rotation velocity 
n, it is necessary to obtain interpolation model 
(regression equation), which establishes the 
impact of the above mentioned factors on the 
viscosity of the dough. As independent vari-
ables for this regression equation are selected 
working body rotation frequency and its de-
sign parameters are the following:
 • X1 – distance from the blade with larger di-

ameter to the blade with smaller diameter 
(l1), m;

 • X2 – distance between the blades of smaller 
diameter (l2), m;

 • X3 – rotation frequency of mixing body (n), 
rev/min.

For these variables is set the limitation 
(Table 2) based on the analysis of mixing body 
structure of industrial design.

Table 2. The limits of variation factors

Name
Factors

X1 [m] X2 [m] X3 [rpm]
Zero level 0.022 0.022 350
Variability interval 0.006 0.006 250
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Interpolation model is defined as:

           
where: n – number of factors; 
 b0, bi, bij, bii – regression coefficients, 
 xi, xij – coded values of factors.

To determine the coefficients of the regression 
equation let`s conduct an experiment planned ac-
cording to the second order type plan (orthogonal 
central composite plan), which scheme is given 
in Table 3. The choice of this plan is based on its 

Table 3. Experiment plan: determination of the dependency of dough viscosity on the design parameters of the 
working body and the frequency of rotation

No. Х1 l1, Х2 l2, Х3 n

1 -1 0.016 -1 0.016 -1 100
2 1 0.028 -1 0.016 -1 100
3 -1 0.016 1 0.028 -1 100
4 1 0.028 1 0.028 -1 100
5 -1 0.016 -1 0.016 1 600
6 1 0.028 -1 0.016 1 600
7 -1 0.016 1 0.028 1 600
8 1 0.028 1 0.028 1 600
9 -а 0.015 0 0.022 0 350

10 а 0.029 0 0.022 0 350
11 0 0.022 -a 0.029 0 350
12 0 0.022 a 0.029 0 350
13 0 0.022 0 0.022 -a 46
14 0 0.022 0 0.022 a 653
15 0 0.022 0 0.022 0 350

Description: l1, X1 – natural, m, and coded values of linear size; l2, X2 – natural, m, and coded values of linear size; 
n, X3 – natural, rev/min, and coded value of mixing body rotation velocity; a – star lever for 3-factor experiment 
a = 1.215.

Table 4. The results of studies on dough viscosity determination

№ η1, Pа∙s η2, Pа∙s η3, Pа∙s ηср, Pа∙s

1 84 85 87 85.3
2 90 91 92 91
3 100 101 102 101
4 110 111 112 111
5 85 85 86 85.3
6 82 84 85 83.6
7 77 79 80 78.6
8 76 78 79 77.6
9 83 84 85 84

10 86 86 87 86.3
11 90 92 93 91.6
12 69 70 71 70
13 68 68 69 68.3
14 65 66 67 66
15 66 67 68 67

simplicity: optimal planning matrix, the number 
of experiments is low (15), which allows quickly 
and accurately conduct experiments with high ac-
curacy of final results. 

For the calculation, we record the research re-
sults (determination of the viscosity) in Table 4. 
The coefficients of the regression equation deter-
mined by the formula [20]:

(5)

(4)
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The obtained values of regression: b0=66.7, 
b1=1.44, b2=-0.3, b3=-6.01, b12=0.62, b13=-2.29, 
b23=-6.04, b11= 12.52, b22= 9.61, b33=0.33. The 
significance of the coefficients was examined un-
der the condition:

where: tT –  tabular Student`s t-test  [20], 
 ti – calculated Student`s t-test,
 q – level of significance,
 f – number of freeness.

Standard deviation is:

(7)

where:  N0 – number of parallel experiments.
Dispersions of regression coefficients is:

As a result, we get values of Student`s criteria: 
t1 = 2.95, t2 = 0.62, t3 = 12.28, t12 = 1.09, t13 = 4.0,  
t23 = 10.55, t11 = 16.14, t22 = 12.36, t33 = 0.43, ac-
cording to which significant remain the follow-
ing coefficients: b0 = 66.7, b1 = 1.44, b3 =-6.01, 
b23 =-6.04, b11 = 12.52, b22 = 9.61. Totally l = 5 
significant members. The regression equation in 
coded coordinates:

Formula of coefficients transferring into natu-
ral coordinates is:

(10)
where: 𝑋𝑖 – factors scores for the equations in 

natural coordinates, 
	 𝑥𝑖 – factors scores for the equation in cod-

ed coordinates, 
 Δ𝑋𝑖 – spacing variation for each factor, 
 𝑋𝑖0 – zero level of each factor.

Taking into account that in the natural coordi-
nates y = η (Pa·s), X1 = l1 (m), X2 = l2 (m) X3 = n 
(rpm), we get the interpolation model:

Dispersion of the model adequacy:

(12)

where: l – number of important members of the 
equation; Sda – dispersion adequacy; N – 
number of experiments.

Rated value of Fisher criterion:

(13)

where: FT – tabular value of Fisher criterion; un-
der conditions:

 (14) 

Thus, the obtained model adequately describes 
the process. Table 5 shows calculations results of 
coefficients significance, standard deviation of the 
experiment and tests for adequacy of the equations.
In order to find the points of function extremum 
we check the necessary and sufficient conditions 
for the extremum existence. For that end we take 
partial derivatives:

Equating the last to zero and solving a set of 
equations, we get the value in coded form: x1 = 
-0.25; x2 = -0.51 and x3 = -0.28. To determine 
function maximum or minimum we count second 
order partial derivatives:

(16)

Substituting the obtained values of variables, 
we get: ∂2y/∂x1 = 28.36;  ∂2y/∂x2 = 23; ∂2y/∂x3 = 6, 
all values are greater than zero, thus the obtained 
dependence is a function of the minimum. In a 
natural form the value is: l1 = 0.02 m; l2 = 0.019 m 
and n = 280 rev/min.

The next step is to determine the diameter of 
the main D and auxiliary d mixing pins, taking 
into account the design parameters obtained pre-
viously. To find the regression equation, which 
describes the dependence of dough viscosity 
from the above mentioned factors, we construct a 
planning matrix for the full factorial experiment, 
considering nonlinearities and intercomponent 
interactions (Table 6).

The regression equation for two factors, tak-
ing into account the effects of even intercompo-
nent interactions:

(6)

(8)

(9)

(11)

(15)

(17)
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The regression equation coefficients we deter-
mine by the formula [20]:

where: xiu – value of variable in the appropriate 
column of experiment plan (xiu=±1); 

 yu – the result of uth experiment; 
 N – total number of experiments; 
 u – number of the experiment variant; 
 i – factor number; 
 j – factor number that is different from i. 

The obtained values of regression coefficients: 
b0 = 87.5, b1 = -5, b2 = 2.66, b11 = -3.7, b12 = 8.75,  
b22 = 1. The significance of the coefficients was 
examined under condition:

(19)

(20)

where: t – tabular Student's criterion [20], 
 q – the level of significance, 
 f – number of degrees of freeness.

To determine 𝑆2𝑏𝑖 it is necessary to calculate 
ȳu=(∑m

k=1yku)/m and determine:
1. Interlinear dispersion reproducibility of unit 

results:

(21)

Table 5. Test for adequacy of regression equation

№ ym ∑(ym-yi)2 yt ∑(ym-yi)2

1 85.3 4.6 88.82 12.2
2 91 2 88.82 4.75
3 101 2 100.9 8.04
4 111 2 100.9 11.8
5 85.3 0.66 88.8 12.6
6 83.6 4.6 88.8 24.3
7 78.6 4.6 76.8 0.74
8 77.6 4.6 76.8 0.74
9 84 2 85.23 1.52

10 86.3 0.66 85.23 1.2
11 91.6 4.66 80.9 15.8
12 70 2 80.9 18.8
13 68 0.66 74.05 12.74
14 66 2 59.44 22.92
15 67 2 66.75 3.16

S0=39.04 Sda=151

where: k – number of repetition in each row; 
 u – line number in the experiment plan.
2. The average (arithmetic) value for the whole 

experiment dispersion reproducibility of unit 
result:

(22)

3. The average value for the whole experiment 
dispersion reproducibility of the process out-
put average value:

(23)

Coefficients dispersion of the regression 
equation is:

(24)

The regression equation in coded coordinates 
is y = 87.5 - 5x1 + 2.66x2 + 8.75x1x2 - 3.7x12. Tak-
ing into account that for natural coordinates y = 
η (Pa ∙ s), X1 = D (m), X2 = d (m), and using the 
formula, we get the interpolation model:

The resulting regression equation (factor ex-
periment) binds factor levels with the process 
output in the studied area of surface response. It 
allows defining – without additional experiments 
– the process output values within the studied 
area of surface response by interpolation.

It is necessary to make sure that the obtained 
regression equation with a sufficient degree of re-

(18)

(25)
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liability (adequately) describes the process that is 
being studied, e.g. the degree of reproducibility 
of the process is commensurate with the degree 
of process equation adequacy. Such test is carried 
out on F- test or Fisher criterion, which needs the 
following calculations:
 • Calculates the output �̂�𝑢 for each variant of the 

experiment on the regression equation, where 
are excluded insignificant members;

 • Calculates the adequacy dispersion:

(26)

where: 𝑁' – number of significant coefficients in 
the regression equation.

Estimated value of Fisher criterion:

(27)

where: Fт – tabulated Fisher criterion values; ac-
cepted under conditions:

(28)
Thus, the obtained model adequately de-

scribes the process. After testing the necessary 
and sufficient conditions for the extremum exis-
tence, by the method similar to the above men-
tioned, we obtain rational values of mixing pins 
diameters of experimental assembly: D = 0.014 
m; d = 0.005 m.

Using the theory PFE we have received ade-
quate regression equation dependence of viscos-
ity from the design parameters of the working 
body and the frequency of its rotations. Thus, it 
was found that in order to obtain the smallest 
values of viscosity during dough kneading the 
distance between the working body pins should 
be l1 = 0.02 m, l2= 0.019 m and their diameters – 
D = 0.014 m; d = 0.005 m.

Table 6. The plan of the experiment and the results of studies on dependence determination of dough viscosity 
from diameters of main and auxiliary mixing pins

№ X1 X2 X1∙X2 D d ηm

1 -1 -1 +1 0.008 0.004 102
2 +1 -1 -1 0.024 0.004 73
3 -1 +1 -1 0.008 0.012 80.3
4 +1 +1 +1 0.024 0.012 87
5 0 0 0 0.016 0.008 92
6 +1 0 0 0.024 0.008 78
7 -1 0 0 0.008 0.008 85
8 0 +1 0 0.016 0.012 91
9 0 -1 0 0.016 0.004 80

Description: D, X1 – nat ural, m, and coded values of larger diameter pin;  d, X2 – natural, m, and coded values of 
smaller diameter pin.

CONCLUSIONS

With the emergence of powerful software 
designed to solve hydrodynamic problems, 
it became possible to analyze and visualize 
processes that occur during dough kneading. 
When the problem is set correctly the use of 
such computer systems shortens the duration 
of studies and reduces their costs, and gives 
adequate results, as well as allows eliminating 
errors at the stage of developing a design (22). 
According to the orthogonal central composite 
plan are set dependence mathematical models of 
dough viscosity from the working body design 
parameters (the distance between them) and the 
frequency of its rotation. The obtained models 
are used to determine rational values of these 
controlled parameters.

For kneading of wheat dough, it is advisable 
to use equipment with pin working bodies, one 
of which – the main one – with larger diameter, 
and the other two – subsidiary – with smaller 
diameter and they are able to provide effective 
implementation of both the primary components 
mixing and plasticizing them. It is necessary to 
provide a change in the direction of the working 
body rotation: at the stage of initial mixing it is 
necessary to ensure that the flow first runs to the pin 
with larger diameter, and at the plasticizing stage – 
on the contrary – to the pins with smaller diameter.
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